hysiologic and pathologic hemodynamics related to change in body posture has been well investigated to date. In recent years, orthostatic hypotension (OH) has been associated with cardiovascular risk factors, including cerebrovascular events, higher nocturnal blood pressure (BP) levels, and arterial stiffness. 1 Hypertensive patients with OH have an increased risk for developing advanced silent brain lesions and a greater cardiac burden. 2 Furthermore, OH is a prognostic factor for middle-aged and elderly adults. 3, 4 In addition to OH, initial OH, recognized as postural circulatory dysregulation upon rising to an erect position, results in a transient decrease in BP within 15 s of rising, which possibly causes dizziness, syncope, and falls. [5] [6] [7] [8] [9] Compensatory physiological mechanisms to maintain circulation during the upright posture, include baroreflex, 10, 11 autonomic nervous system responses 10 and peripheral vessel resistance, 12 as well as activation of the skeletal muscles and respiratory pumps. 13 If these mechanisms are insufficient, BP drops severely, occasionally leading to cerebral ischemia and infarction. [13] [14] [15] Hence, evaluation of cerebral blood flow (BF) during postural change might be clinically important.
We describe a device that measures peripheral circulation for the purpose of estimating systemic hemodynamic parameters. 16 We developed a wearable cephalic BF (CBF) meter incorporating an ultra-miniature laser-Doppler blood flowmeter that can be worn on the tragus of the external ear to measure CBF during postural changes. 17, 18 In the present study, we used this devise to estimate systemic hemodynamic parameters and symptoms of cephalic ischemia. Generally, BP is expressed as the product of BF and systemic vascular resistance. Peripheral blood vessels fluctuate because of rhythmic vasoconstriction (vasomotion). Because vasomotion in the tragus is relatively slight, compared to BF of other skin areas, BF in the tragus is considered to be more sensitive to BP changes. 19 Therefore, the CBF in the tragus is likely to be an appropriate index of cephalic BP.
The aim of this study is to investigate the relationship between CBF and dizziness during postural changes in young and middle-aged subjects while simultaneously evaluating heart rate (HR), HR variability, and indirect beat-to-beat BP.
Methods

Subjects
The subjects were 63 medically healthy volunteers ranging in age from 19 to 34 years (41 males, 22 females; mean age, 24.1±3.7 years). Characteristic information was obtained from the enrollment questionnaire. No subject had any chronic disease such as hypertension, hyperthyroid, aortitis syndrome and arrhythmia that was likely to affect the variation of BP. The study protocol was approved by the Ethics Committee of the Yokohama City University School of Medicine and informed consent was obtained beforehand from all participants. Fuku-ura, Kanazawa-ku, Yokohama 236-0004, Japan. E-mail: t066033c@yokohama-cu.ac.jp All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: cj@j-circ.or.jp
Measurement of Hemodynamics During Postural Changes Using a New Wearable Cephalic Laser Blood Flowmeter
Tetsuya Fujikawa, MD; Osamu Tochikubo, MD*; Naoki Kura, MD*; Takanori Kiyokura, PhD**; Junichi Shimada, PhD**; Satoshi Umemura, MD Background: Patients with orthostatic hypotension have pathologic hemodynamics related to changes in body posture. A new cephalic laser blood flowmeter that can be worn on the tragus to investigate the hemodynamics upon rising from a sitting or squatting posture was developed. Methods and Results: The relationship between cephalic hemodynamics and cerebral ischemic symptoms in 63 subjects in a sitting, squatting, and standing positions using the new device was evaluated. Transient decrease in blood pressure within 15 s after rising to an erect position possibly causes dizziness, syncope, and fall. Subjects exhibiting dizziness upon standing showed a significant decrease in the cephalic blood flow (CBF) and indirect beat-to-beat systolic blood pressure, as monitored by the Finometer, and a significant correlation was observed between the drop ratio (drop value on rising/mean value in the squatting position) of CBF and that of systolic blood pressure. 
Wearable Cephalic Blood Flowmeter
A wearable laser blood flowmeter (63 × 45 × 20 mm; 55.8 g) was newly developed by NTT Microsystem Integration Laboratories, Nippon Telegraph and Telephone Corp, Tokyo, Japan. 18 This is a fully functional miniaturized version of a conventional desktop laser blood flowmeter. To evaluate the variation of BF in the tragus, a sensor attachment specialized for the external ear (55 × 55 × 28 mm; 4 g) was additionally developed to fix the sensor head to the tragus. This redeveloped device was designated a wearable CBF.
In this study, the new device was used to measure CBF in the tragus continuously during changes in the body position. The main unit of the device includes a battery and a telemeter function. The external ear attachment includes a laser blood-flow sensor in the cuff to be fixed on the tragus (Figure 1) . A laser beam from the infrared laser diode of the laser Doppler flowmeter reaches the tissue scanned, and upon hitting moving red blood cells, changes its wave-length (Doppler shift). 17 The magnitude of the wavelength change is related to the number and velocity of the red blood cells. The recordings by this new device are well correlated with those by conventional laser blood flowmeters. 18 In this study, BF values in the tragus were transferred to and recorded on a personal computer (FMV C-6200, Fujitsu, Tokyo, Japan) via a Bluetooth system.
Non-Invasive Beat-to-Beat BP Measurement
Beat-to-beat BP was monitored continuously using a Finometer (Finapres Medical Systems, Amsterdam, The Netherlands) based on the volume-compensation method. 20 A fingertip cuff measures beat-to-beat finger BP non-invasively, which is reconstructed into brachial BP. This technique correlates closely with direct intra-arterial measurements. [20] [21] [22] This reconstructed brachial BP is based on a return-to-flow method that detects systolic BP (SBP) based on objective evidence. Therefore, SBP was used in the analysis of hemodynamic parameters in this study.
Multibiomedical Recorder
HR was measured using a multibiomedical recorder, which supports electrocardiogram (TM2550, A&D Co, Tokyo, Japan). Autonomic nerve system activity, low-frequency component (LF; 0.04-0.15 Hz), high-frequency component (HF; 0.15-0.40 Hz), and the LF/HF ratio were measured by heart-rate variability spectral analysis at 3-min R-R intervals (TM2002, A&D Co).
Study Protocol for Measurement of Hemodynamics During Postural Changes
The subjects were equipped with the 3 measuring devices described above (Figure 2) . CBF in the tragus and beat-tobeat finger SBP were measured on the left side of the body. After a 3-min rest in the sitting position, the subjects were instructed to assume sitting, squatting, and standing positions in the order mentioned and to maintain each position for 3 min. Especially during transition from the squatting to the standing position, orthostatic dizziness is likely to result from cerebral ischemia. This postural change imposes an effective load on circulatory dynamics. [23] [24] [25] [26] [27] The mean value of continuous measurements such as CBF and beat-to-beat SBP in each body posture were taken as representative values and defined as follows:
• Mean BF and SBP =1 min average of recordings after the initial 1 min in each body position Data were collected beginning from the second minute because the initial readings in each body position were affected not only by body posture but also by the kinetic movement to change to the next body posture. The drop in continuous parameters on standing up, that is, the bottom value in BF and SBP upon standing, and the drop ratios of BF and SBP were defined as follows:
• Bottom value in BF and SBP = minimum values in decreased BF and BP upon rising • Drop ratios of BF and SBP = the ratio of drop value during rising to mean value in the squatting position These measurements were visually inspected and assessed to exclude the unavailable segments with artifacts or errors from the analysis. In addition, cerebral ischemic symptoms, defined as forms of dizziness, a floating sensation, visual blackout, and syncope, were assessed for each body posture.
Statistical Analysis
Standard statistical methods including one-way repeatedmeasures analysis of variance, Bonferroni's multiple comparison test, and non-paired t-tests were performed and Pearson's correlation coefficients (two-tailed) were obtained using SPSS 15.0 for Windows (SPSS Japan Inc, Tokyo, Japan). Values were expressed as mean ± SD, and P values of <0.05 were considered significant.
Results
Sixty-three subjects were examined in this study. Figure 3 shows representative CBF and continuous SBP recordings during postural changes. In addition to an alteration in hemodynamics during postural changes, 24 of the subjects experienced dizziness upon rising to an erect position from the squatting position. Such subjects were assigned to the dizziness group. No cases of visual blackout, weakness, or syncope were observed. The characteristics of all subjects, assigned to the dizziness and non-dizziness groups are shown in Table 1 .
Hemodynamic Responses to Postural Changes in All Participants
Mean BF was significantly higher in the squatting position than in the sitting or standing positions (squatting vs sitting and standing BF: 12.8±4.1 vs 10.9±3.7 and 10.1±3.3 a.u.; P< 0.05 and P<0.001, respectively). The mean SBP was significantly higher in the standing position than in the other 2 positions (squatting vs sitting and standing SBP: 134.7±14.2 vs 125.6±12.5 and 128.0±16.1 mmHg; P<0.005 and P<0.05, respectively). There were no significant differences in HR during body postural changes. Spectral analysis revealed lower HF readings in the standing position compared with the other 2 positions (standing vs sitting and squatting HF: 21.4±11.4 vs 32.2±18.8 and 39.0±18.5 ms/Hz 1/2 ; P<0.005 and P<0.001, respectively). The LF/HF readings from the standing position was higher than the other 2 positions (standing vs sitting and squatting LH/HF: 21.4±11.4 vs 32.2±18.8 and 39.0±18.5 ms/Hz 1/2 ; P<0.005 and P<0.001, respectively). In addition, the drop ratio of BF was positively significantly correlated with that of SBP (r=0.557, P<0.001; Figure 4 ).
Hemodynamics in Each Body Posture Between the Dizziness and Non-Dizziness Groups
No significant differences were observed between the dizziness and non-dizziness groups with respect to age, gender, and BMI ( Table 1) . Moreover, no significant differences were observed between the 2 groups with respect to mean BF, mean SBP, HR, and HR variability spectral analysis (HF and LF/HF) during each postural change ( Table 2 ).
Abrupt Drop in BF and Beat-to-Beat SBP on Rising to an Erect Position
The BF drop ratio was significantly greater in the dizziness group than in the non-dizziness group (0.62±0.11 vs 0.55± 0.11, P=0.023; Figure 5A) . 
Discussion
This present investigation indicated, for the first time, a significant correlation between the drop ratios of BF and SBP when rising to an erect position, and that the BF drop ratio was significantly associated with dizziness. These findings suggested that the decrease in the CBF in the tragus is proportional to the lowering of SBP during the postural change from squatting to standing and that subjects with the greatest reduction ratio in CBF were likely to suffer from symptoms of brain ischemia. It is assumed that decreased BF in the brain when standing contributes to the symptoms of brain ischemia such as orthostatic dizziness. 28 Thus far, continuous measurement of BF in the brain during postural changes is considered difficult by any currently available device. However, our new device was able to efficiently measure the BF in the tragus continuously in the present study, and the measurement was potentially effective for detecting the decrease in cerebral BF accompanied by ischemic symptoms during rising to an erect position.
The bottom value in SBP after rising to an erect position was significantly lower in the dizziness group. Low BP is a reasonable explanation for cerebral ischemic symptoms because postural cerebral symptoms depend on the extent to which cerebral perfusion and oxygen supply become compromised. 11 An orthostatic decrease in SBP has been reported to have greater prognostic value than diastolic and mean BP, 3 which suggests that CBF is a potential prognostic factor because it was significantly correlated with SBP.
However, other studies have shown that diastolic BP and mean BP are more likely to detect changes in cerebral BF. 29 Recent studies using positron emission tomography or functional magnetic resonance imaging showed a significant hemispheric dominance for vestibular function in the same side of the dominant arm. 30 Further detailed study of the association between CBF and systemic BP, and laterality of the dominant hemisphere for vestibular function, supports the evidence of the validity of CBF in the tragus to estimate systemic hemodynamic parameters and symptoms of cephalic ischemia.
Generally, continuous BP measurements are likely to lead to valuable new knowledge that intermittent measurements cannot detect; 31 however, presently, it is difficult to measure beat-to-beat finger BP over long periods because the pressure caused when measuring BP at the fingertip might attenuate the oxygenation of the fingertip tissue. To respond to the need for a portable device that neither restricts movement of the limbs nor causes ischemia by oppression of the cuff, we have developed this new wearable miniature cephalic laser blood flowmeter. The device can measure CBF during postural alterations without restriction of movement or complication of ischemia. Furthermore, CBF in the tragus is more likely to reflect BP at the tragus and deserves consideration as one of the indices for cephalic hemodynamics because vasomotion in the tragus is slight, as explained above.
This study had certain limitations. CBF measured in the tragus is from the external carotid artery and not the internal carotid artery that mainly supplies the brain. It is unclear whether CBF is related to cerebral BF. Nevertheless, this study revealed a significant association between CBF and dizziness, suggesting that BF in the tragus reflects brain ischemia and might be correlated with cerebral BF. Investigating the relationship between CBF and continuous middle cerebral artery blood-flow velocity (transcranial Doppler ultrasound) 32, 33 would enhance the efficacy of CBF at elucidating the differences in regulation of BF in the brain and tragus.
In this preliminary examination of CBF in medically healthy subjects, no pathological determinations of CBF were performed in abnormal hemodynamics such as syncope, OH, or orthostatic dysregulation (OD). Future research should be conducted to investigate whether CBF in circulatory dynamics resulting from changes in the body position relates to prognoses of cardiovascular and cerebrovascular morbidity in subjects with OH or OD.
Conclusion
We have developed a new wearable cephalic laser blood flowmeter, which can measure CBF in the tragus during postural changes. A significant positive correlation was observed between the drop ratio of the tragus BF and that of SBP upon rising to an erect position. The BF drop ratio in the tragus was significantly greater in subjects who experienced dizziness than in those who did not. We demonstrated the efficiency of this wearable cephalic laser blood flowmeter for evaluation of a transient decrease in SBP and cerebral ischemic symptoms on rising to an erect position.
